Introduction
The c-met gene encodes the tyrosine kinase receptor for the hepatocyte growth factor/scatter factor (HGF/SF). c-Met/HGF signaling is required for normal mammalian development and is important in cell migration, morphogenic differentiation, cell growth and angiogenesis (reviewed in Birchmeier et al., 2003) . Human and mouse cell lines that ectopically overexpress c-Met become tumorigenic with an increased metastatic potential in athymic nude mice (Rong et al., 1994) and mice that express c-Met or HGF as a transgene develop different types of tumors and metastatic lesions (Takayama et al., 1997) . Finally, the overexpression of c-Met has been shown to contribute to the development and progression of different human malignancies including lung, breast, prostate, colorectal, gastric cancer (reviewed in Birchmeier et al., 2003) .
It has been shown that overexpression of c-Met occurs mainly due to aberrant transcriptional regulation which indicates that appropriate control of transcription is important for normal function of this gene (reviewed in Maulik et al., 2002; Birchmeier et al., 2003) . The cmet gene is regulated by a high GC-content TATA-less promoter (Seol and Zarnegar, 1998) ; several transcription factors including Sp1, Smad, p53, Ets1, Pax3, AP1 were shown as positive regulators of this promoter (Epstein et al., 1996; Gambarotta et al., 1996; Seol et al., 1999; Zhang et al., 2005) ; HIF-1 activates c-met upon hypoxia (Pennacchietti et al., 2003) , while oxidative stress and IFNa are negative regulators presumably via inhibition of Sp1 binding (Radaeva et al., 2002; Zhang and Liu, 2003) . The complexity of c-met regulation, together with apparent correlation between c-Met protein level and carcinogenesis, points to the necessity of an additional study of c-met expression control.
Daxx is a ubiquitously expressed and highly conserved nuclear protein that represses activity of several transcriptional factors, including Pax3, Ets1, p53 and its family members p73 and p63, glucocorticoid receptor, androgen receptor and Smad4 (for review see (Salomoni and Khelifi, 2006) . Daxx interacts with several crucial proteins involved in transcriptional silencing such as histone deacetylases HDAC1, HDAC2 and DNA methyltransferase DNMT1 (Michaelson et al., 1999; Salomoni and Khelifi, 2006) . In addition, Daxx forms a cell-cyclespecific repression complex at heterochromatin with the SWI/SNF protein ATRX (Ishov et al., 2004) . Based on these interactions, the potential mechanism of Daxxmediated repression may include chromatin modifications/remodeling or DNA methylation.
Several lines of evidence suggest a potential role of Daxx in repression of c-met. First, Pax3 and Ets1 activate c-met transcription (Epstein et al., 1996; Gambarotta et al., 1996) , while Daxx represses Pax3 and Ets1 transactivation (Hollenbach et al., 1999; Li et al., 2000b) . Second, IFNa upregulates Daxx (Shimoda et al., 2002) that may lead to the observed downregulation of c-met expression upon IFNa treatment (Radaeva et al., 2002) . Third, p53 activation of the c-met promoter correlates with demonstrated interaction of p53 with Daxx (Kim et al., 2003; Ohiro et al., 2003; Zhao et al., 2003) , and potential sequestration of Daxx repression activity through this interaction. Fourth, c-met overexpression in cancer is activated by TCF/wnt pathway (Boon et al., 2002) , while TCF-regulated genes are repressed by Daxx (Tzeng et al., 2006) . Finally, depletion of Daxx by siRNA causes activation of transiently transfected luciferase reporter driven by the c-met promoter (Michaelson and Leder, 2003) .
In this study we demonstrate that Daxx mediates c-met repression through association with a specific region of the endogenous mouse c-met promoter concomitant with HDAC2 binding and decrease of transcription-associated modifications of chromatin. Increased cell mobility and invasion index in Daxx À/À cells confirmed elevated activity of c-Met/HGF pathway, while an inverse correlation between Daxx and c-Met in human cancer cell lines and in primary breast cancer metastasis indicates for potential function of Daxx-mediated c-met repression in cancer progression.
Results

Daxx represses c-met expression
Depletion of Daxx by RNAi causes activation of luciferase reporter driven by the c-met promoter (Michaelson and Leder, 2003) . To investigate Daxx-mediated transcription of endogenous c-met, we analysed Daxx þ / þ and Daxx À/À mouse primary embryonic fibroblasts (MPEFs) isolated from 9.5E embryos (Daxx À/À is lethal at E10.5 (Ishov et al., 2004) (Figure 1b) , while the level of control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and b-actin RNA is equal between these cell lines. We concluded that Daxx represses transcription of the endogenous c-met promoter. To substantiate data produced on Daxx þ / þ and Daxx À/À cells, we performed analysis of c-Met in Daxx À/À cells reconstituted with Daxx by a retroviral system (Ishov et al., 2004 (Figure 1c) , confirming a repressive function of Daxx on the c-met promoter.
Endogenous Daxx binds to the mouse c-met promoter We asked whether endogenous Daxx is associated with the endogenous mouse c-met promoter using Chromatin Immunoprecipitation (ChIP) assay. Four sets of primers were designed that allow analysis four overlapping DNA fragments that together cover the region from À709 to þ 484 bp of the c-met promoter, when position þ 1 corresponds to the transcription start ( Figure 2a ). Region M1 covers the first exon of c-met, M2-activation region of promoter and transcription start, while regions M3 and M4 are situated in repressionassociated region of the c-met promoter (Seol and Zarnegar, 1998) . Chromatin was precipitated with antiDaxx antibody or normal rabbit antibody. We confirmed specificity of Daxx antibody that precipitates chromatin in Daxx þ / þ , but not in Daxx Daxx þ / þ cells focusing on the acetylation status of histone H4. Chromatin was precipitated using antiacetyl H4 antibody and analysed by four sets of PCR primers as described above. The results of the ChIP analysis are shown in Figure 2c . We observed enrichment of acetylated H4 at all analysed regions of the c-met promoter in Daxx À/À cells. In contrast, H4 acetylation was strongly downregulated at all four tested regions of the c-met promoter in Daxx þ / þ cells. These results demonstrate that Daxx-dependent differences in c-met expression are, at least partly, due to the changes in chromatin acetylation on the c-met promoter. Deletion analysis of the mouse c-met promoter To further study Daxx-mediated repression, we analysed the c-met promoter in a transient expression assay. First, we transfected Daxx þ / þ and Daxx À/À MPEF cells with a c-met promoter construct (À810 to þ 538). We observed a 8.5-fold increase of reporter activity in Figure 4a ); these data are consistent with a previously reported derepression of the c-met promoter upon Daxx depletion in human cells (Michaelson and Leder, 2003) . Next, we analysed Daxx-mediated repression using deletions of the c-met promoter. Deletion from À810 to À278 bp resulted in enhancement of c-met promoter activity in Daxx þ / þ as well as Daxx À/À cells (Figure 4b ). Further deletions up to À33 bp resulted in the significant reduction of promoter activity. Thus, region À810 to À278 contains a repressive element, while region À278 to À33 constitutes the activation element of the c-met promoter. Our data confirm results described in (Seol and Zarnegar, 1998) .
To map the region of the c-met promoter that confers Daxx-dependent repression, we compared the corresponding luciferase activities between Daxx À/À and Daxx þ / þ cells over the c-met promoter (fold of derepression, counted as a quotient of relative luciferase activity between Daxx À/À and Daxx þ / þ cells; Figure 4c ). Deletions in the distal part of the c-met promoter (À810 to À206) did not change the level of derepression; thus, regulation of this region of the c-met promoter is Daxxindependent. Deletion of a short region (À206 to À142 bp) led to the loss of Daxx-dependent repression: difference in relative transcription activity between Daxx À/À and Daxx þ / þ cells is below twofold, while for previous constructs it was sixfold and above. The consequent deletion (À142 to À33) did not further affect transcription ratio. Combination of promoter analysis and ChIP data for Daxx association (Figure 2b) suggests that the c-met promoter region from À206 to À142 bp is essential for Daxx-mediated repression of c-met gene. Extensive deletion of the c-met promoter impairs its ability to drive transcription that does not allow finalizing the borders of Daxx-dependent element of the c-met promoter.
Physiological consequences of c-met upregulation
Signaling via the c-Met pathway leads to an array of changes in numerous cellular responses, including cell mobility and basal membrane penetration. The last two correlate with an increased metastasis rate in c-Met overexpressing malignancies (Birchmeier et al., 2003) . We tested whether increase of c-Met expression affects mobility and invasive capacity of Daxx À/À cells.
Wound-healing assay. The wound-healing assay (or scratch assay) is a common method to measure cell migration in vitro. The main step involves creating a 'scratch' in a cell monolayer and monitoring cell migration into a scratch to estimate the migration rate of the cells. Upon stimulation with c-met ligand HGF, we observed increased migration of Daxx À/À cells that almost completely closed scratch after 24 h; in comparison, much lower number of Daxx þ / þ cells migrated to the scratch area at this time point leaving part of scratch area open ( Figure 5A ). To connect increased cell mobility with c-met expression, the same test was performed in the presence of tyrosine kinase inhibitor K252a that efficiently inhibits c-met activity (Morotti et al., 2002) ; this compound reduces mobility of Daxx À/À cells almost to the level of Daxx þ / þ cells ( Figure 5A ).
Cell mobility and matrigel invasion assay. To further characterize Daxx-dependent cell mobility, we quantify HGF-stimulated migration of Daxx À/À and Daxx þ / þ cells using cell culture insert with 8 mkm pore membrane. Mobility of Daxx À/À cells through membrane was 2.5 times higher than Daxx þ / þ cells ( Figure 5B) ; as in the wound healing assay, addition of tyrosine kinase inhibitor K252a reduced it to the level of Daxx þ / þ cells. The possibility to penetrate the basal membrane correlates with increased metastatic activity that is attributed to c-Met overexpression malignancies. The possibility to migrate through the basal lamina matrix (Matrigel), which mimics the basal membrane, is commonly used to determine invasive capacity of cells. These data indicate that the phenomenon of the c-met promoter regulation by Daxx is potentially conserved between mouse and human. 
Analysis of c-Met and
Discussion
It has been shown by several groups that Daxx can act as a transcriptional repressor (Hollenbach et al., 1999; Li et al., 2000a, b; Michaelson and Leder, 2003) ; however, a major limitation of these studies is that they are mostly based on artificial transcription assays using overexpressed Daxx which can lead to nonspecific side effects. To date, endogenous targets of Daxx repression are not well characterized and the mechanism by which Daxx exerts its repression activity is poorly understood. The transiently expressed c-met promoter was identified recently as one of the targets of Daxx repression (Michaelson and Leder, 2003) (Hollenbach et al., 1999 (Hollenbach et al., , 2002 Ishov et al., 2004) ; however, it was not known whether Daxx is associated with specific DNA sites, and whether this association results in transcription repression. To confirm the specificity of the mouse c-met gene as a direct target of Daxx, we have shown by ChIP assay that Daxx is associated with the c-met promoter; moreover, it preferentially binds to the proximal (activation-associated) part of the c-met promoter and to the beginning of the transcription region of the gene.
Even though we cannot rule out the possibility that Daxx regulates c-met expression via alternative transcription factor(s), the association with c-met promoter argues for the repression by Daxx. Next, we addressed the mechanism of this repression.
Daxx was purified as a component of a multiprotein repression complex that includes HDAC1 and HDAC2, Dek and the core histones (Hollenbach et al., 1999 (Hollenbach et al., , 2002 Li et al., 2000a) ; it also interacts with DNMT1 and DMAP1 (Michaelson et al., 1999; Muromoto et al., 2004) . In addition, Daxx forms a complex with protein ATRX and this complex displays chromatin-remodeling activity (Xue et al., 2003; Ishov et al., 2004; Tang et al., 2004) . Besides chromatin remodeling, ATRX also possesses DNA methylation activity (Gibbons et al., 2000) ; DNA methylation is generally associated with repression of transcription (reviewed in Baylin and Ohm, 2006) . These interactions point towards a potential mechanism of Daxx-mediated repression as a participant in histone deacetylation, chromatin remodeling or DNA methylation activity.
Our results demonstrated that Daxx-dependent alteration in mouse c-met expression is at least partly due to the changes in chromatin acetylation on the c-met promoter. Together with Daxx interaction with the c-met promoter this allows us to conclude that Daxx can stabilize/ enhance HDAC activity, or deregulate HAT activity at this promoter. Based on the previously published interactions with HDAC2, and enrichment of this protein at c-met promoter in Daxx þ / þ cells, we suggest HDAC2 as potential candidates responsible for the Daxx-dependent c-met repression. Interestingly, Daxx is associated only with the proximal part of the promoter, while HDAC2 and acetylation of H4 is spread over all regions of the promoter including areas that are not interacting with Daxx. It might be that Daxx is stabilizing HDAC activity at the proximal site of the promoter, which can then spread over the entire promoter region.
A potential alternative epigenetic mechanism for Daxx-mediated regulation of the c-met gene is DNA methylation through attraction of DNMT1 and/or ATRX enzymatic activity. Analysis of the c-met promoter did not reveal any significant difference in CpG methylation between Daxx þ / þ and Daxx À/À cells thus ruling out DNA methylation as the mechanism of Daxx-mediated c-met regulation.
Our data are consistent with a model of transcriptional repression by Daxx suggested by Hollenbach and co-workers. They have shown that Daxx associates with HDAC2 and the acetylated form of histone H4, but does not bind to DNA itself (Hollenbach et al., 1999 (Hollenbach et al., , 2002 . By modifying histone deacetylase activity at sites of active transcription, Daxx may facilitate the histone deacetylation, thus preventing the access of promoter elements by the transcription machinery. The specificity of Daxx-mediated repression of c-met along with epigenetic changes on this promoter suggests that there is a particular promoter element/DNA context which is recognized by corepressor factors that could attract Daxx to certain promoters and enhance the histone deacetylation activity. Additionally, it is possible that Daxx interaction with transcription factors may repress their association and activation of the c-met promoter. p53 is one of such potential factors since it is associated with and activates the c-met promoter (Seol et al., 1999) ; Daxx interacts with p53 and can modulate p53 activity (Seol et al., 1999; Zhao et al., 2003) . The highest level of luciferase expression was observed with constructs driven by a c-met promoter element that contains a p53-binding site (À278 to À216; (Seol et al., 1999) . Deletion of this site reduced reporter activity about twofold (compare constructs À278 and À206, Figure 4b ). Daxx-mediated derepression is equal in the construct that contains a p53 binding site and the construct that does not contain a p53 binding site (Figure 4c ). We concluded that p53 regulation of the c-met promoter is Daxx-independent, at least under transient transcription conditions. This does not exclude the synergistic p53-Daxx regulation of the endogenous c-met promoter.
High level of c-Met induces mobility of cells and basal membrane penetration (reviewed in Birchmeier et al., 2003) . Consistent with this we found that Daxx À/À cells have increased mobility and a high invasive index, compared with Daxx þ / þ cells; importantly, these effects are abrogated by tyrosine kinase inhibitor K252a, further pointing at HGF/c-met pathway as a cause of physiological differences between Daxx þ / þ and Daxx À/À cells. These data indicate that increased level of c-Met expression upon Daxx downregulation can affect the metastatic potential of cancer cells. In addition, analysis of Daxx and c-Met expression in metastatic breast cancer specimens clearly show an inverse correlation between the two proteins, with the majority of specimens expressing high level of c-Met and almost undetectable level of Daxx. This is an indication that Daxx downregulation and/or mutations can potentially affect c-Met expression in the course of metastatic breast cancer progression in humans. Recent report described HGF-induced repression of Daxx in breast epithelial cells (Leroy et al., 2006) ; thus, upregulation of c-met by HGF (Seol et al., 2000) may combine activation of c-met promoter by HGF and repression of Daxx. Daxx level was recently found as an important factor that determines proper response to the chemotherapeutic agent paclitaxel (Lindsay et al., 2007) ; thus, cells with low level of Daxx not only express increased c-met and are more metastatic-prompted, but also can be resistant to the taxol therapy.
Overall, we describe Daxx as a transcription repressor of protooncogene c-met. Further studies of Daxx-mediated repression of c-met may provide the background for the possibility of Daxx as a marker for the prognosis of cancer progression.
Materials and methods
Cell culture
Daxx þ / þ and Daxx À/À MPEF and Daxx À/À cells reconstituted with mouse Daxx have been described previously (Ishov et al., 2004) . Breast cancer cell lines BT20 and MDA-MB231, small cell lung cancer (SCLC) H69, H82 and H249, non-SCLC A549, H23, H358 were obtained from the American Type Culture Collection (Rockville, MD, USA) and maintained in DMEM, 10% fetal bovine serum (FBS), supplemented with penicillin-streptomycin at 37 1C with 5% CO 2 .
DNA constructs
Mouse c-met promoter sequence and series of deletion variants were generated by PCR. PCR products were cloned into the pGL3-basic vector (Promega, Madison, WI, USA) upstream of the firefly luciferase reporter gene. See Supplementary Materials for the details.
Luciferase reporter assay Dual luciferase assay were performed according to the manufactures instructions (Promega). The details are described in Supplementary Materials.
CpG methylation analysis
Bisulfite based cytosine methylation analysis was done according to (Olek et al., 1996) . The details are described in Supplementary Materials.
Chromatin immunoprecipitation
Subconfluent cell lines were treated with 1% formaldehyde to crosslink proteins to DNA for 15 min. Formaldehyde was neutralized by the addition of glycine to 0.125 M for 5 min. All the buffers were provided with Halt Protease Inhibitor Cocktail (Pierce, Rockford, IL, USA) and 1 mM PMSF. Cells were washed twice with cold PBS. Cells were resuspended in lysis buffer (0.25% Triton X100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Tris pH 8.0) and incubated at 4 1C for 15 min with rotation. After centrifugation, to enrich the preparation for insoluble chromatin and chromatin-bound factors, the pellet was re-suspended with buffer II (10 mM Tris pH 8.0, 200 mM NaCl, 10 mM EDTA, 0.5 mM EGTA) and incubated at 4 1C for 15 min with rotation. After centrifugation at 1500 g, the pellet was re-suspended in IP buffer (20 mM Tris pH 8.0, 200 mM NaCl, 0.5% Triton X100, 0.05%DOC-Na, 0.5% NP40) and sonicated to generate B500 bp DNA fragments. The resulting material was used for immunoprecipitation with anti-Daxx antibody (M-112, Santa Cruz Biotechnology, Santa Cruz, CA, USA), antiacetyl-Histone H4 antibody (Upstate Biotechnology, Charlottesville, VA, USA), anti-HDAC2 antibody (Zymed Laboratories, South San Francisco, CA, USA) or rabbit IgG as a negative control. After the overnight incubation with antibody, DNA-protein complexes were collected by addition of 60 mkl of salmon sperm DNA-protein A agarose (Upstate Biotechnology) and incubated at 4 1C with rotation for 2 h. Following immunoprecipitation, beads were washed in IP buffer, followed by IP/500 mM NaCl, IP/250 mM LiCl, and finally, TE buffer. The immunoprecipitated complexes were eluted with a buffer containing 10 mM Tris pH 8.0, 1%SDS, 5 mM EDTA at 65 1C for 30 min. Cross-links were reversed by addition of 5 M NaCl and incubation at 65 1C for 4 h. The samples were diluted with equal volume of TE buffer, treated with proteinase K for 2 h, and DNA was purified by phenol/chloroform extraction and ethanol precipitation. Immunoprecipitates were analysed using GC-RICH PCR System (Roche Diagnostics, Indianapolis, IN, USA). The following primers were used: for M1 region ( þ 84, þ 484): M1f AAACT CCAGCCGCGTCGATC, M1r CCTTGCCAGCTGTATC ACCCTG; for M2 region (À261, þ 98): M2f GGACAAACC TAGAGCGACAGGG, M2r ACGCGGCTGGAGTTTGTA CC; for M3 region (À563, À223): M3f GCTTTGCGCGGG TGACTTTG, M3r AGCACGTGTCTGTTCGTCCCTG; for M4 region (À710, À409): M4f ATCCGTCCATGCACTCC CAAC, M4r CGGCAAGGTGAAACTTTCTAGG. The Wound-healing assay Daxx þ / þ and Daxx À/À cells were grown to confluence in DMEM supplemented with 10% FBS. Then the medium was changed to 1% FBS and the cell monolayer was scraped linearly using P-200 pipette tip to create a 'scratch wound'. Cells were treated with 30 ng/ml of HGF alone or combination 30 ng/ml of HGF and 50 nM of tyrosine kinase inhibitor K252a (Calbiochem, San Diego, CA, USA). Nontreated cells were used as a control. The plates were photographed at 0 and 24 h.
Migration assay and Matrigel invasion assay
Twenty-four-well tissue culture plate inserts with 8-mkm-pore filter and BioCoat Matrigel (BD Biosciences, Bedford, MA, USA) were used to assay migration and invasive potential of Daxx þ / þ and Daxx À/À cells correspondingly. The details are described in Supplementary Materials.
Western blot analysis
Protein samples were separated by 14-20% SDS-PAGE (Bio-Rad, Hercules, CA, USA). Proteins were transferred to nitrocellulose membrane (Osmonics, Minnetonka, MN, USA); membranes were blocked with 3% nonfat milk, probed with cmet antibody (B-2 and C-28 for mouse and human protein, correspondingly; Santa Cruz Biotechnology) and with antiDaxx antibody 5.14 (Ishov et al., 2004) .
Immunohistochemistry See Supplementary Materials.
